During an automatic power transmission line inspection, a large number of images are collected by unmanned aerial vehicles (UAVs) to detect existing defects in transmission line components, especially insulators. However, with twin insulator strings in the inspection images, when the umbrella skirts of the rear string are obstructed by the front string, defect detection becomes difficult. To solve this problem, we propose a method to detect self-shattering defects of insulators based on spatial features contained in images. Firstly, the images are segmented according to the particular color features of glass insulators, and the main axes of insulator strings in the images are adjusted to the horizontal direction. Then, the connected regions of insulators in the images are marked. After that, the vertical lengths of the regions, the number of insulator pixels in the regions, as well as the horizontal distances between two adjacent connected regions are selected as spatial features, based on which defect discriminants are formulated. Finally, experiments are performed using the proposed formula to detect self-shattering defects in the insulators, using the spatial distribution of the connected regions to locate the defects. The experiment results indicate that the proposed method has good detection accuracy and localization precision.
Introduction
In recent years, the difficulty of conducting manual inspections on transmission lines has been increasing with the enlargement of transmission lines. In order to reduce the workload of inspection work and improve inspection efficiency, unmanned aerial vehicles (UAVs) are used for transmission line inspections [1] [2] [3] . During UAV inspections, a number of images are collected to detect the defects in transmission lines. The use of image detection technology greatly improves the efficiency and has become a research hotspot in current smart grids [4] [5] [6] [7] . Insulators, of which the main roles are electrical insulation and line support, are very important components of transmission lines. Since glass insulators have the characteristics of zero value self-shattering, when an insulator is subjected to changes in terms of cold and heat, its compression stresses the surface and opposing tensile internal stresses become greater, which can cause breakdown easily. As a result, the insulation value at both ends of the insulator string becomes zero and the insulation function is lost. Therefore, zero value detection of insulators is required. When the insulation value is zero, a glass insulator will shatter, and it is easy to be found with visual detection. Additionally, because they are widely used in 500 kV high voltage transmission lines, detection of self-shattering defects in insulators has become a significant issue.
(1) Detection method based on contour information. Some researchers [8] [9] [10] [11] firstly identified the contours of insulators, and then determined whether there were self-shattering defects according to the relative distances between adjacent insulators. Nevertheless, the insulators will sometimes be obscured because of unsuitable shooting angles of cameras. In addition, the backgrounds of the aerial images are complex and changeable. Therefore, the contour extraction of insulators will be influenced and the accuracy of the above detection method is affected. (2) Detection method based on texture features. Zhang [12] and Wang [13] calculated the texture values of insulator images by block, and then analyzed whether the insulator was missing by comparing texture values. However, the calculation amounts of this method are very large. Zhang [14] obtained the directions of insulator strings by detecting parallel line segments. Then, the insulator string was divided into blocks according to the direction and the distance between the slices. After that the existence of self-shattering defects were judged by the similarity of texture features between the blocks. However, when the insulator pieces were obstructed or the shooting distance was large, the line features of the insulator pieces were very vague, which easily led to false detection. (3) Detection method based on histogram matching features. Lin [15] diagnosed glass insulator faults based on a histogram matching criterion and determined faultless insulators within a certain range. However, the method could not indicate the specific locations of the fault insulators. Shi [16] used a sliding window method to match the gray histogram of the insulators and the templates, and inferred and located insulator defects according to histogram distances. However, it was easily influenced by the detection environment and the selection of templates. (4) Detection method based on region features. Wang [17] segmented insulators in a lab color space and calculated the proportion of insulator pixels in each insulator region to determine the drop-off fault. Jiang [18] divided the insulator area into individual pieces, and judged the fault by sensing the distances between the gravity centers of adjacent insulator pieces. Nevertheless, when the insulator string was obstructed and the two insulator strings could not be separated completely, the detection accuracies of the two methods were influenced. Zhai [19] segmented insulator images in the RGB color space, and performed an adaptive morphology process on the images according to the area ratio of the insulator region. After that, the fault point was located. However, when the missing pieces were at the ends of the insulator string, they may have gone undetected.
The above-mentioned methods are mainly aimed at self-shattering defect detection of unobstructed glass insulators and have achieved good detection results within a certain range. However, in the process of transmission line inspections, insulators in the aerial images are often obstructed and also connected to each other because of the influence of the shooting distance and angle. Thus, most of the above methods show difficulty in obtaining the expected results.
Aiming at the above deficiencies and inspired by the literature [20] , in this paper, we propose a self-shattering defect detection method for obstructed or unobstructed twin insulator string images based on the obvious spatial features of the insulator regions. The overall framework of this method is shown in Figure 1 . The main technical contributions made in this work include: (1) For images of twin glass insulator strings, the self-shattering defect can be detected and the defect position can be located accurately, regardless of whether the insulators are obstructed or not; and (2) robustness and real-time performance is evaluated, and they may meet the requirements of strong robustness and high real-time performance demands of power line inspection. The remainder of this paper is organized as follows: In Section 2, the glass insulator image compound binarization processing are introduced. Then, in Section 3, the new detection and localization method of insulator self-shattering defects is described in detail. After that, in Section 4, experiments to verify the performance of the proposed method are explained. Finally, the conclusions are drawn in Section 5. Energies 2018, 11, x FOR PEER REVIEW 3 of 14 defects is described in detail. After that, in Section 4, experiments to verify the performance of the proposed method are explained. Finally, the conclusions are drawn in Section 5. 
Insulator Images Compound Binarization
The process of compound binarization mainly includes image segmentation, removal of pseudo targets and tilt correction.
Insulator Images Segmentation
Color is an intuitive feature of objects. Glass insulators without RTV spraying have a special color. It is generally green and very different to most background colors. Therefore, insulator images can be segmented according to their color features.
The authors of References [17, 21] segmented insulator images using single thresholds in Lab space and HSI space, respectively. Because of the complex background in insulator images, it is difficult to achieve a good segmentation effect with a single threshold.
Inspection images collected by UAVs are usually RGB space images. In this paper, the R, G and B components of 150 glass insulator images were sampled, respectively, and their spatial distribution features were statistically analyzed. The color distribution rules of the glass insulators were as follows: 65 175 115 180 30 65
where R, G and B are the component values of red, green and blue, respectively.
The threshold values of the R, G and B components are set by Equation (1) . Thus, the glass insulators can be easily separated from the complex background. Figure 2 shows the segmentation results of aerial insulator images according to Equation (1) . Although the backgrounds of the two images were both very complex, good segmentation results were obtained regardless of whether the insulators were obstructed or not. 
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Inspection images collected by UAVs are usually RGB space images. In this paper, the R, G and B components of 150 glass insulator images were sampled, respectively, and their spatial distribution features were statistically analyzed. The color distribution rules of the glass insulators were as follows:
Pseudo Objects Removal and Tilt Correction
After segmentation, the insulators images were separated from the background. However, there still existed some narrow breaks and small burrs in the images. Thus, the morphological closed operation and median filter were used to process the images [22] . After that, the small area pseudo objects were removed. Figure 3 shows the processing results of removal of the pseudo objects. Due to the influence of the shooting angle, insulators present different angles in the image. Thus, the image needs to be corrected to locate the main axis of the insulator string in the horizontal direction. Thus, it can make preparation for the spatial feature descriptions of the insulator regions. The direction of the longest line segment is the direction of the main axis of the insulator string in the image. Thus, the inclination angle of the main axis can be obtained using the Hough transform. 
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After segmentation, the insulators images were separated from the background. However, there still existed some narrow breaks and small burrs in the images. Thus, the morphological closed operation and median filter were used to process the images [22] . After that, the small area pseudo objects were removed. Figure 3 shows the processing results of removal of the pseudo objects. Due to the influence of the shooting angle, insulators present different angles in the image. Thus, the image needs to be corrected to locate the main axis of the insulator string in the horizontal direction. Thus, it can make preparation for the spatial feature descriptions of the insulator regions. The direction of the longest line segment is the direction of the main axis of the insulator string in the image. Thus, the inclination angle of the main axis can be obtained using the Hough transform. Due to the influence of the shooting angle, insulators present different angles in the image. Thus, the image needs to be corrected to locate the main axis of the insulator string in the horizontal direction. Thus, it can make preparation for the spatial feature descriptions of the insulator regions. The direction of the longest line segment is the direction of the main axis of the insulator string in the image. Thus, the inclination angle of the main axis can be obtained using the Hough transform. According to the angle, the insulator string axis can be rotated in the horizontal direction. Figure 4 shows the processing results of tilt correction.
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Self-Shattering Defect Detection of Insulators

Spatial Features Description of Insulators
An insulator string is composed of a main shaft and a certain number of insulators. The insulators are perpendicular to the main shaft. The insulators on the same string have the same shape, size and color, and the distances between the adjacent umbrella skirts of the insulators are equal. All these characteristics indicate that insulators have consistent spatial features.
In order to represent the spatial features, the connected regions of the binary images are marked. The connected regions of normal insulators have three obvious features: (1) the vertical lengths of each connected region are close; (2) the number of insulator pixels in the region varies little; and (3) the horizontal distances between adjacent connected regions are very similar. In addition, the numerical distributions of the above three values are relatively uniform, as shown in Figure 5a . In Figure 5 , the first row contains inspection images, corresponding connected regions of insulators are given in the second row, and the vertical length, the number of insulator pixels and the horizontal distance are in the third to the fifth rows, respectively.
When a self-shattering defect occurs, the spatial consistency of the insulator regions is destroyed, and spatial features change significantly. There are generally two cases of spatial locations of the twin insulator strings in the images. One is that the front string obstructs the back one, and the twin strings cannot be divided into individual strings in the image. Another situation is that the two insulator strings are not obstructed by each other, thus they can be separated into two strings. In the first situation, when the self-shattering defect occurs, the vertical lengths and the It can be seen from Figures 3 and 4 that effective binarization images were obtained after image compound binarization. The contours of the insulators may be incomplete, but the spatial distribution of the insulator regions can be expressed regardless of if the insulators are obstructed or not.
Self-Shattering Defect Detection of Insulators
Spatial Features Description of Insulators
In order to represent the spatial features, the connected regions of the binary images are marked. The connected regions of normal insulators have three obvious features: (1) the vertical lengths of each connected region are close; (2) the number of insulator pixels in the region varies little; and (3) the horizontal distances between adjacent connected regions are very similar. In addition, the numerical distributions of the above three values are relatively uniform, as shown in Figure 5a . In Figure 5 , the first row contains inspection images, corresponding connected regions of insulators are given in the second row, and the vertical length, the number of insulator pixels and the horizontal distance are in the third to the fifth rows, respectively. shown in Figure 5c (Figure 5c presents the spatial features of the insulator string on which self-shattering occurs).
As can be seen from Figure 5 , the spatial features of the self-shattering insulators are very different from the normal insulators. Therefore, the self-shattering defect can be discriminated according to the vertical lengths of the connected region, the number of insulator pixels in the region, and the horizontal distances between the adjacent regions. 
Self-Shattering Defect Detection
Spatial Features Determination of Insulator Connected Regions
Following the above image processing, the main axis of the insulator string has been tilted in the horizontal direction. Then, the connected regions of the insulators are located using the 8-adjacency connected region method. For convenience of description, the connected region of each insulator is described by a four-dimensional vector ( , , , )
x y w h . Where x and y correspond to the start point coordinates of the connected region on the x-axis and y-axis with the origin at the upper left corner, and w , h represent the horizontal width and vertical length of the region, respectively.
Based on analysis of the insulator spatial features, three spatial features, which characterize the connected regions of the insulators, are constructed as follows: When a self-shattering defect occurs, the spatial consistency of the insulator regions is destroyed, and spatial features change significantly. There are generally two cases of spatial locations of the twin insulator strings in the images. One is that the front string obstructs the back one, and the twin strings cannot be divided into individual strings in the image. Another situation is that the two insulator strings are not obstructed by each other, thus they can be separated into two strings. In the first situation, when the self-shattering defect occurs, the vertical lengths and the numbers of insulator pixels of the connected region are obviously smaller than those in the normal regions. Additionally, the numerical values are abruptly changed, as shown in Figure 5b . In the second situation, two insulator strings can be treated separately. When the self-shattering defect occurs, the horizontal distance between the connected regions on both sides of the defective insulator is obviously greater than those of other adjacent regions, and there is a clear jump, as shown in Figure 5c ( Figure 5c presents the spatial features of the insulator string on which self-shattering occurs).
As can be seen from Figure 5 , the spatial features of the self-shattering insulators are very different from the normal insulators. Therefore, the self-shattering defect can be discriminated according to the vertical lengths of the connected region, the number of insulator pixels in the region, and the horizontal distances between the adjacent regions.
Self-Shattering Defect Detection
Spatial Features Determination of Insulator Connected Regions
Following the above image processing, the main axis of the insulator string has been tilted in the horizontal direction. Then, the connected regions of the insulators are located using the 8-adjacency connected region method. For convenience of description, the connected region of each insulator is described by a four-dimensional vector (x, y, w, h). Where x and y correspond to the start point coordinates of the connected region on the x-axis and y-axis with the origin at the upper left corner, and w, h represent the horizontal width and vertical length of the region, respectively.
Based on analysis of the insulator spatial features, three spatial features, which characterize the connected regions of the insulators, are constructed as follows: 
where k is the number of connected regions, x i is the horizontal coordinate of the starting point of the i − th connected region.
Self-Shattering Defect Discriminant Definition
After determining the three spatial features of the insulators connected regions, self-shattering defect discrimination can be performed. Corresponding to the former two insulator string location situations, through statistical analysis, the discriminant 1 and discriminant 2 are summarized respectively in Equations (3) and (4):
where h and n are the average of h and n, respectively.
where D is the average of D. When discriminant 1 or discriminant 2 is satisfied, it can be concluded that insulator self-shattering has occurred.
Self-Shattering Defect Localization
When the spatial features of the twin insulator strings satisfy discriminant 1 , the latter insulator string is obstructed, and self-shattering may occur in either string. Thus, the defect location can be obtained by Equations (5)- (8) .
h f ault = 0.5
where y is the average of y. For special cases, when self-shattering occurs at both ends of an insulator string, Equation (9) is used:
When the spatial features of the twin insulator strings satisfy discriminant 2 , the insulators are not obstructed by each other. Thus, Equations (10)-(13) are adopted to calculate the defect location coordinates:
x f ault = x i + 0.5D i (10) When there is no overlap between the twin insulator strings, they will be processed separately. In this case, if self-shattering occurs at both ends of one insulator string, the self-shattering defect can be judged based on the difference between the connected region numbers of the two insulator strings. Figure 6 shows a flow chart of the self-shattering defect detection process after image compound binarization. [ . ]; areas box Area  xx(num) = x(j); 16:
ww(num) = 0.5 * (w(j − 1) + w(j + 1)); 17: The self-shattering location detected by the proposed method is illustrated in Figure 7 . The self-shattering location detected by the proposed method is illustrated in Figure 7 .
Experimental Results and Analysis
Self-Shattering Detection and Localization Results Analysis
Experiments were conducted to evaluate the proposed method with real inspection images collected by UAVs. The experiment environments included the Windows 7 operating system with a CPU main frequency of 3.40 GHz, 4.00GB RAM, and MATLAB 2015b. 
Experimental Results and Analysis
Self-Shattering Detection and Localization Results Analysis
Experiments were conducted to evaluate the proposed method with real inspection images collected by UAVs. The experiment environments included the Windows 7 operating system with a CPU main frequency of 3.40 GHz, 4.00 GB RAM, and MATLAB 2015b. Figure 8 presents a part of the experimental results. The results show that the proposed method efficiently detected and located the insulator self-shattering defects. 
Robustness Analysis
In this section, the robustness of the proposed method is analyzed through comparison with existing insulator self-shattering defect detection methods.
Detection Effect under Different Obstructed Conditions
The detection effect of the proposed method was compared with the methods in the literature [17, 19, 23] for inspection images with different obstruction conditions. The results are shown in Figures 9 and 10 . It can be seen that the proposed method accurately located the self-shattering defects of the insulators in both conditions, and had strong robustness. 
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existing insulator self-shattering defect detection methods.
Detection Effects of Images with Different Background Complexities
The difficulty of self-shattering defect detection was different with different background complexities. The inspection images with different background complexities were used to further evaluate the performance of the proposed method. Experimental results are shown in Figure 11 . It is demonstrated that the proposed method accurately located the self-shattering defects in inspection images with simple backgrounds and complex backgrounds. 
Self-Shattering Occurs at Both Ends of the Insulator string
The methods proposed in Reference [17, 19] were not applicable for the situation where self-shattering occurs at both ends of one insulator string. However, the experimental results of the proposed method and the method used in Reference [23] are illustrated in Figure 12 . It can be observed that literature [23] method got false self-shattering location, and the proposed method detected the self-shattering defect at one end of the insulator string, whereas it misjudged the visual vacancy on the other end, which led to error detection. From an operation and maintenance point of view, missed detection may lead to missing a fault, which can cause safety risks, while false detection may increase the workload of the secondary judgment. When the missed detection and the false detection cannot be completely avoided, in contrast, the choice is false detection rather than 
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Self-Shattering Occurs at Both Ends of the Insulator String
The methods proposed in Reference [17, 19] were not applicable for the situation where self-shattering occurs at both ends of one insulator string. However, the experimental results of the proposed method and the method used in Reference [23] are illustrated in Figure 12 . It can be observed that literature [23] method got false self-shattering location, and the proposed method detected the self-shattering defect at one end of the insulator string, whereas it misjudged the visual vacancy on the other end, which led to error detection. From an operation and maintenance point of view, missed detection may lead to missing a fault, which can cause safety risks, while false detection may increase the workload of the secondary judgment. When the missed detection and the false detection cannot be completely avoided, in contrast, the choice is false detection rather than missed detection to improve safety. Therefore, the proposed method is more suitable for practical needs. According to the above analysis, we conclude that the proposed method accurately detected and located the self-shattering defect of insulators in inspection images with different obstructed conditions, different self-shattering positions and different background complexities, which means that the proposed method had strong robustness
Real-Time Performance and Precision
In order to analyze the real-time performance and detection precision of the proposed method, 67 inspection images of insulators with self-shattering defects were detected. The average time consumption, precision and missing rate were used as evaluation indexes. They are defined in Equations (14) and (15):
where TP represents the number of correctly located self-shattering insulators, () TP FP  is the total number of located self-shattering insulators, FN represents the number of undetected self-shattering insulators, and () TP FN  is the total number of self-shattering insulators.
The performances of the proposed method were compared with the methods in References [17, 19, 23] , as shown in Table 1 . It was observed that the proposed method in this paper was superior to the method in References [17, 23] , which reduced the average time consumption and the missing rate of detection, and improved detection precision. Furthermore, compared with the method proposed in Reference [19] , although our method took a slightly longer time, it had a higher precision and lower missing rate, which is more in line with actual needs. According to the above analysis, we conclude that the proposed method accurately detected and located the self-shattering defect of insulators in inspection images with different obstructed conditions, different self-shattering positions and different background complexities, which means that the proposed method had strong robustness.
In order to analyze the real-time performance and detection precision of the proposed method, 67 inspection images of insulators with self-shattering defects were detected. The average time consumption, precision and missing rate were used as evaluation indexes. They are defined in Equations (14) and (15): precision = TP/(TP + FP)
missing rate = FN/(TP + FN)
where TP represents the number of correctly located self-shattering insulators, (TP + FP) is the total number of located self-shattering insulators, FN represents the number of undetected self-shattering insulators, and (TP + FN) is the total number of self-shattering insulators. The performances of the proposed method were compared with the methods in References [17, 19, 23] , as shown in Table 1 . It was observed that the proposed method in this paper was superior to the method in References [17, 23] , which reduced the average time consumption and the missing rate of detection, and improved detection precision. Furthermore, compared with the method proposed in Reference [19] , although our method took a slightly longer time, it had a higher precision and lower missing rate, which is more in line with actual needs.
Conclusions
In this paper, a detection and localization method for self-shattering defects in twin glass insulators, based on spatial features of connected regions, was proposed. In our method, firstly, the insulators in the inspection images were segmented from complex backgrounds based on color features, then insulator connected regions were marked, and finally insulators with defects could be detected and located based on spatial features. The performance of the proposed method was evaluated using inspection images under different conditions. Experimental results confirm that this method is simple, effective, and has a wide application range as well as good real-time performance.
In addition, when insulator regions are severely obstructed, an independent connected region based on the insulator umbrella skirt cannot be obtained, which results in poor performance of the method. Thus, further research based on spatial features is needed for the localization and detection of multiple and simultaneous bunch-drop faults in insulators.
